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The synaptic scaffolding proteins CASK and Caskin1
are part of the fibrous mesh of proteins that organize
the active zones of neural synapses. CASK binds to
a region of Caskin1 called the CASK interaction
domain (CID). Adjacent to the CID, Caskin1 contains
two tandem sterile a motif (SAM) domains. Many
SAMdomains form polymers so they are good candi-
dates for forming the fibrous structures seen in the
active zone. We show here that the SAM domains
of Caskin1 form a new type of SAM helical polymer.
The Caskin1 polymer interface exhibits a remarkable
segregation of charged residues, resulting in a high
sensitivity to ionic strength in vitro. The Caskin1 poly-
mers can be decorated with CASK proteins, illus-
trating how these proteins may work together to
organize the cytomatrix in active zones.
INTRODUCTION
The presynaptic regions of neurons contain numerous multido-
main proteins that organize synaptic vesicles to ensure efficient
release of neurotransmitters (Chua et al., 2010; Brachya et al.,
2006). CASK is one such multidomain protein that contains
a calcium/calmodulin-dependent serine protein kinase domain
(CaMK), two Lin-2/Lin-7 domains (L27), a PSD-95/Dlg/ZO-1
domain (PDZ), a Src homology 3 domain (SH3), and a guanylate
kinase domain (GK) (Figure 1A) (Hsueh, 2006; Hata et al., 1996;
Hoskins et al., 1996). These domains are thought to mediate
many key protein-protein interactions to form large protein scaf-
folds that prepare vesicles for subsequent membrane fusion. In
particular, the PDZ domain of CASK binds the cytoplasmic tail
of neurexin1, a transmembrane protein, which crosses the
synapse and interacts with neuroligin, a post-synaptic trans-
membrane protein. CASK participates in one of two tripartite
complexes containing either Munc-interacting protein 1 (Mint1)
and Velis or CASK-interacting protein 1 (Caskin1) and Velis
(Borg et al., 1998; Tabuchi et al., 2002). CASK knockout experi-
ments inmice lead to perinatal death and reducedCASK expres-
sion leads to diminished functioning of GABAergic synapses1826 Structure 19, 1826–1836, December 7, 2011 ª2011 Elsevier Ltd(Atasoy et al., 2007). In humans, CASK has been linked to
X-linked mental retardation (XLMR) and microcephaly (Hsueh,
2009; Hackett et al., 2010; Tarpey et al., 2009; Najm et al.,
2008). Similarly, its binding partners neurexin1 and Mint1 have
been linked to autism and Alzheimer’s disease, respectively
(Miller et al., 2006; Lise´ and El-Husseini, 2006).
Considerably less is known about Caskin1, though many lines
of evidence suggest that it is also an important neuronal adaptor
protein. In addition to its interaction with CASK,(Tabuchi et al.,
2002) Caskin1 interacts with LAR receptor protein tyrosine phos-
phatase, Dock, synaptotagmin, and neurexin2 (Bala´zs et al.,
2009; Weng et al., 2011). Caskin1 is expressed at particularly
high levels in the brain localizing to presynaptic regions (Tabuchi
et al., 2002) and localization to the postsynaptic density has also
been implied by the presence of mRNA (Suzuki et al., 2007) and
protein (Peng et al., 2004) from GeneChip and mass spectrom-
etry proteomic studies, respectively. Caskin1 was originally
thought to be found only in vertebrates, but a Caskin1 homolog
was recently discovered in Drosophila and was shown to be
involved in LAR-mediated motor axon guidance (Weng et al.,
2011). Decreased levels of Caskin1 mRNA have been observed
in rats exposed to ethanol in utero suggesting an association
between Caskin1 expression and maternal ingestion of ethanol
(Middleton et al., 2009). An intriguing study analyzing conserved
expression profiles also suggested Caskin1 may play a role in
infantile myoclonic epilepsy (Ala et al., 2008).
Caskin1 is a large multidomain protein containing an N-ter-
minal ankyrin repeat region, followed by an SH3 domain, two
central tandem sterile-a motif (SAM) domains, and a disordered
C-terminal proline-rich domain containing800 amino acid (Fig-
ure 1A) (Tabuchi et al., 2002; Bala´zs et al., 2009). The CASK
CaMK domain has been shown to bind the region between the
Caskin1 SH3 and SAM domains, termed the CASK-interaction
domain (CID) (Tabuchi et al., 2002). Humans also express
a Caskin2 homolog with the same overall domain composition
as Caskin1, but Caskin2 does not bind to CASK (Tabuchi
et al., 2002). Despite the lack of sequence similarity, the domain
structure of Caskins resemble the SHANK postsynaptic scaf-
folding protein family, which also contain an ankyrin repeat, an
SH3 domain, a proline-rich region, and a single C-terminal
SAM domain (Sheng and Kim, 2000). The similarity in domain
structure between Caskins and the SHANKs suggests conver-
gent evolution toward a similar function (Gundelfinger et al.,
2006; Baron et al., 2006).All rights reserved
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Figure 1. The Caskin1 SAMs Form Fibers
(A) Domain structure of CASK and Caskin1. CASK inter-
acts with Caskin1 through its CASK-interaction domain
(CID).
(B) Caskin1 SAM domain fibers form by dialyzing a protein
sample from 0.5 to 0.1 M NaCl that were visualized by
negative staining with electron microscopy.
(C) The solubility of Caskin1 SAM domains with a C-ter-
minal His-tag was found to depend linearly on NaCl
concentration (R2 = 0.996). The error bars are the standard
deviation.
(D) Higher magnification of Caskin1 SAM domain fibers on
a different part of the same grid show side-by-side packing
of smaller fibers (8 nm in width). Each arrow points to
a fiber of different width: 40 nm (black), 26 nm (gray), and
16 nm (white). Scale bars in (B) and (D) represent 100 nm.
Structure
Structure of Caskin1 Tandem SAM DomainsSAM domains are found in numerous proteins and are
involved in diverse roles including protein-protein, protein-
RNA, and protein-lipid interactions (Qiao and Bowie, 2005).
Many SAM domain structures have been determined to atomic
resolution and they usually adopt a conserved five a-helix bundle
that can be either monomeric or form homo- and heterodimers
and polymers. SAM oligomers are generally formed by self-
association between two different surfaces: the mid-loop (ML)
and end-helix (EH) interfaces. For example, the C-terminal
SAM domain of a post-synaptic scaffolding protein, SHANK3,
has been shown to form polymers that can organize into well-
ordered sheets in the presence of zinc (Baron et al., 2006). All
currently characterized SAM polymers, including SHANK3
polymers, form helices containing six SAM domains per helical
turn. Besides Caskin1 and Caskin2, many proteins contain
more than one SAMdomain in tandem, including AIDA-1 (Jordan
et al., 2007), ANKS1(Kim et al., 2010), the liprin protein family
(Serra-Page`s et al., 1998; Spangler and Hoogenraad, 2007),
SARM1 (Belinda et al., 2008), and kazrinE (Nachat et al., 2009).
The first natural tandem SAM domain structure of AIDA-1 was
recently solved by nuclear magnetic resonance (NMR) that
shows its two SAM domains each adopt characteristic five
a-helix bundles and associate intramolecularly through an
EH-ML interface to give soluble, monomeric tandem SAMs
covalently connected by a disordered linker (Kurabi et al.,
2009). The structures of the three tandem SAMs from liprin-a2
and liprin-b1 have also recently been reported to give similar
SAM-SAM packing interactions as AIDA-1 (Wei et al., 2011).
Besides Caskin1, many of these proteins containing tandem
SAM domains have been associated with neuronal functions
including AIDA-1 (Jordan et al., 2007), the liprins (Spangler and
Hoogenraad, 2007), and SARM1 (Yuan et al., 2010).Structure 19, 1826–1836, December 7,Here we show how the tandem SAM domains
of Caskin1 form a novel SAMpolymer containing
eight SAM domains (four Caskin1 tandem SAM
modules) per helical turn with an unusually long
helical pitch. The Caskin1 SAM polymer was
imaged by electron microscopy and two high-
resolution structures were solved by X-ray crys-
tallography that reveal how the Caskin1 polymer
forms through favorable electrostatic interac-
tions between its conserved ML and EH inter-faces. To the best of our knowledge, this is the first high-resolu-
tion structure of a naturally occurring polymer constructed from
tandem SAM domains. CASK is shown to bind to the Caskin1
polymer through the CID adjacent to the Caskin1 SAM domains.
These experiments suggest how the Caskin1 SAM domains help
construct the presynaptic cytomatrix in the active zone.
RESULTS
Caskin1 Tandem SAMs Form Fibers
The tandem SAM domain region of Caskin1 (from E470 to L605)
was expressed with a C-terminal His-tag, purified under dena-
turing conditions and refolded in ‘‘high salt buffer’’ (500 mM
NaCl). Under these high salt conditions, the protein was soluble
and eluted as a monomer from a gel filtration column (data not
shown). Upon dialysis into a ‘‘low salt buffer’’ (100 mM NaCl)
a large quantity of fluffy, white precipitate formed. The precipi-
tate consists of long, flexible fibers (>1 mm in length) visible by
electron microscopy (Figure 1B). The large fibers consist of
bundles of thin strands 8 nm in width (Figure 1D).
The salt dependence of polymer formation was investigated
by placing homogeneous polymer suspensions in different final
concentrations of salt. After overnight incubation, the insoluble
material was removed by centrifugation and the concentration
of soluble protein was determined. As shown in Figure 1C, the
solubility of the Caskin1 SAMs was found to be linear with
respect to salt concentration. The linear dependence suggests
that the precipitation is reversible and that ionic strength of the
buffer dictates the affinity of the self-association. This is in
contrast to another hypothetical process consisting of a nucle-
ation event followed by irreversible precipitation, akin to amyloid
fiber formation.2011 ª2011 Elsevier Ltd All rights reserved 1827
Table 1. X-Ray Data Collection and Refinement Statistics
Caskin1
(E470-L605)-6His
(PDB code 3SEI)a
Caskin1
6His-(E470-G615)
(PDB code 3SEN)a
Data collection
Space group P41 P212121
Cell dimensions
a, b, c (A˚) 93.11, 93.11, 39.75 92.23, 94.60, 118.63
a, b, g () 90, 90, 90 90, 90, 90
Resolution (A˚) 90–2.40 (2.49–2.40)b 100–3.10 (3.21–3.10)
Rsym or Rmerge 0.114 (0.503) 0.085 (0.590)
I/sI 17.2 (4.2) 24.9 (4.3)
Completeness (%) 100 (100) 99.9 (100)
Redundancy 6.4 (6.5) 9.9 (10.2)
Refinement
Resolution (A˚) 93.25–2.39 73.96–3.10
No. reflections 13,059 18,253
Rwork/Rfree 0.201/0.243 0.240/0.281
No. atoms
Protein 2310 4391
Ligand/ion 2 1
Water 106 0
B-factors
Protein 37.7 114
Ligand/ion 65.5 45.3
Water 9.9
Rmsd
Bond lengths (A˚) 0.0151 0.0063
Bond angles () 1.481 0.907
Rmsd, root-mean-square deviation.
a A single crystal was used for the collection of each data set.
b Values in parentheses are for highest-resolution shell.
Structure
Structure of Caskin1 Tandem SAM DomainsHigh-Resolution Structures of the TandemSAMPolymer
Dissolved in the high salt buffer, the Caskin1 tandem SAM
domains containing a C-terminal His-tag readily crystallized in
space group P41 with two molecules (i.e., four SAM domains)
in the asymmetric unit. Diffraction data were collected to a reso-
lution of 2.4 A˚. The Caskin1 structure was solved by molecular
replacement searching for two copies of the EphB4 SAMdomain
(Protein Data Bank [PDB] code 2QKQ) that has a single SAMwith
40% and 31% sequence identity to the first and second SAM
domains of Caskin1, respectively (Table 1). The overall structure
of Caskin1 shows the two SAMdomains each adopt a character-
istic five a-helix bundle, and form an intramolecular dimer by
head-to-tail association of the first SAM’s ML surface to the
second SAM’s EH surface (Figure 2A). The overall structure of
the Caskin1 tandem SAM domains is strikingly similar to the
tandem SAMs of the AIDA-1 structure (Kurabi et al., 2009) (back-
bone root-mean-square deviation [rmsd] < 1.0 A˚). In contrast to
the AIDA-1 SAM structure, however, the 13 residue linker
(LSIPDWLPEHKPA) connecting the two SAM domains of Cas-
kin1 was found to be highly ordered in the crystal. The under-
lined, mostly hydrophobic residues make extensive interactions1828 Structure 19, 1826–1836, December 7, 2011 ª2011 Elsevier Ltdwith the underlying SAM domains, thereby stapling them
together (Figure 2A).
Analysis of the crystal packing in P41 reveals side-by-side
packing of helical polymers with the same diameter (8 nm) as
the thin fibers observed by electron microscopy (Figure 2B).
Each of the single Caskin1 helical polymers intertwine with two
other polymers to generate a vertically-stacked triple-helix archi-
tecture. The interactions between the separate helices of the
triple helix, however, are almost exclusively made between the
residues of the C-terminal His-tag and the second a-helix of
the first SAM domain suggesting that the triple-helix assembly
may not be biologically relevant (Figure S1 available online).
To test whether the C-terminal His-tagged construct might
have yielded an artifactual triple-helix in the crystal, another
construct was made by moving the His-tag to the N-terminus,
and replacing the C-terminal His-tag with ten wild-type Caskin1
residues (to G615). The N-terminal His-tagged construct crystal-
lized in the space group P212121. The crystals were of much
lower quality than the P41 crystal form, diffracting to only 3.1 A˚
with a high experimental B factor (Wilson B 95.6 A˚2), leading to
a high overall B-factor in the refined structure (114 A˚2). Neverthe-
less, the crystals were of sufficient quality to learn the packing
arrangement. To verify this packing arrangement was correct,
omit maps were created eliminating each chain in the asym-
metric unit separately. All omit maps clearly showed missing
density for the entire eliminated chain. In the P212121 crystal
lattice, the tandem SAM domains of Caskin1 form single helical
polymers that pack perpendicularly to each other rather than in
a triple helix arrangement (Figure 2D). The difference in packing,
however, did not change the structure of the individual Caskin1
tandemSAMs, which have an overall root mean square deviation
of <1 A˚ (Figure 2C). In both the P212121 and the P41 lattices, the
Caskin1 SAMdomains form four distinct, single helices of similar
dimensions regardless of the location of the His-tag (Table 2).
To ensure that the presence of the C-terminal His-tag was not
responsible for the fibers observed previously under the electron
microscope, a sample of the construct with the N-terminal His-
tag and another sample with the His-tag removed, were precip-
itated as before by dialysis from the high salt to low salt buffer. In
both of these cases, fibers were observed that were so large they
could be seen using a low-power light microscope (Figure 2E;
Figure S2A). Under an electron microscope, highly ordered stri-
ations are visible suggesting extensive side-by-side association
of the helical polymers (Figures 2F and 2G). The residues
involved in side-by-side association of the helices were inconsis-
tent between the P41 and P212121 lattices suggesting that side-
by-side helical assembly is likely to be an artifact of each
construct and not biologically relevant. Specifically in the
P212121 lattice, side-by-side packing of the AB-helix (containing
the A and B chains) is mainly mediated by a symmetric interac-
tion by the loop between SAM1 a helices 1 and 2. For the CD-
helix in P212121, there is a small contact between SAM1 a-helix
1 and the linker from another helix, though the CD-helices
interact much more extensively with the perpendicular AB-
helices than they do with other parallel CD-helices. In the P41
lattice, the loop between SAM1 a helices 1 and 2 primarily inter-
acts with SAM2 a-helix 1 of a neighboring helix. In the P41 lattice,
additional side-by-side helix interactions are actually mediated
by the His-tag.All rights reserved
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Figure 2. Caskin1 SAM Polymers at High-
Resolution
(A) Cartoon representation of one of the chains in
the asymmetric unit of the P41 structure reveals
the overall packing between the two SAMdomains
of Caskin1. The hydrophobic linker residues
(sticks) pack against the SAMs.
(B) Crystal packing of the P41 structure reveals
side-by-side packing of stacked triple-helices.
(C) The alignment of all Caskin1 SAMs in P41 and
P212121 reveals high structural similarity.
(D) Crystal packing of the P212121 structure
reveals perpendicular packing of single helices.
For all panels, molecules from the P41 space group
are shown in shades of green and blue and those
from P212121 space group are shown in shades of
red and yellow. Helices are of the same approxi-
mate dimensions of the thin fibers shown in Fig-
ure 1.
(E) Low-power light microscopy reveals extensive
fiber formation by the Caskin1 SAMs containing an
N-terminal His-tag. Scale bar represents 400 mm.
(F) Negatively stained fibers from (E) are visualized
under low magnification by electron microscopy.
Scale bar represents 1 mm.
(G) Higher magnification of fibers from (E) and
(F) reveal striations consistent with fiber forma-
tion. Scale bar represents 100 nm. See also Fig-
ure S2.
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Structure of Caskin1 Tandem SAM DomainsAlthough we cannot rule out the biological relevance of side-
by-side helix assembly, in the context of the complete protein
it seems unlikely. The N and C termini of the rest of the protein
project perpendicularly from the helical axis that suggests there
might be unfavorable steric clashes precluding side-by-side
association (Figure S3). The location of the N and C termini is
physically compatible with the formation of a single isolated
helix, however. Altogether, these results strongly suggest that
the Caskin1 tandem SAM domains inherently possess the ability
to form fibrous helical polymers of the dimensions seen in the
crystal structures.
Biochemical Characterization of the Helix Interface
The residues involved in the protein-protein interfaces from the
four independent single helices of both the P41 and P212121
crystal latticesareessentially thesame.Analysisofboth interfaces
reveals that one is largely linedby positively charged residues and
the other by negatively charged residues (Figure 3A). Calculation
of the electrostatic surface potential of a single tandem SAM
unit similarly reveals each surface exhibits a complementary elec-
trostatic charge (Figure 3B). The electrostatic complementarity of
the interfaceseen in thecrystal structure isconsistentwith thehigh
salt dependence of polymerization discussed above.Structure 19, 1826–1836, December 7, 2011 ªTo further test whether the polymer
structure observed in the crystals is the
same as the macroscopic polymers we
observed, we examined the effects of
mutations introduced in the two surfaces
of the polymer interface seen in the
crystal (G520E and G566K). The muta-tions are both large and of opposite charge to the dominant
charge of the wild-type surface, so they should block self-asso-
ciation by steric and electrostatic repulsion. Accordingly, both of
these mutant proteins were observed to be monomeric up to
high concentrations in the same low salt buffer that the wild-
type protein was insoluble (Figure 3C). When mixed together,
however, the G520E and G566K mutants form a dimer, as ex-
pected because they both still possess a single native comple-
mentary interface (Figure 3C). To measure the binding affinity
of the native polymer interface in themutant dimer, we employed
surface plasmon resonance with the G520E mutant immobilized
and G566K in the mobile phase (Figure 3D). The affinity was
found to be relatively modest (Kd = 22 ± 1 mM) when fitting to
a 1:1 steady-state binding model.
Supercharged GFP-Fusions for Rapid Mutation Analysis
To rapidly test additional Caskin1 SAM mutations, a native gel
assay was developed using a super-charged green fluorescent
protein (scGFP) fusion protein, which contains a net 30 negative
charge (Lawrence et al., 2007). We reasoned that the extreme
negativechargeof the scGFPwouldallow forconsistentmigration
of fusion proteins toward the cathode in a native gel. We made
fusion proteins with negative scGFP at the N terminus followed2011 Elsevier Ltd All rights reserved 1829
Table 2. Summary of Helix Dimensions
Number Colora Space Group Chain(s) Dimensions (A˚)
1 Green P41 A 83.4 3 83.4 3 129.6
2 Blue P41 B 85.4 3 85.4 3 128.5
3 Red P212121 A and B 83.2 3 81.9 3 129.6
4 Yellow P212121 C and D 81.9 3 79.5 3 105.3
a The colors correspond to the models shown in Figure 2.
Structure
Structure of Caskin1 Tandem SAM Domainsby an 11-residue flexible linker domain (GTGGSGGSSGR)
and the tandem SAM domains of Caskin1. To assess the ability
of scGFP-Caskin1 SAM domain fusions to form polymers, we
ran themonanativegel (Figure 3E). Thewild-typescGFP-Caskin1
fusion runs significantly slower on the native gel relative to the
G520E and G566K monomeric mutants characterized above,
which indicates that gel mobility can be used as a method to
assess the effect of mutations on polymer formation. Mutations
Y567K and F572K, also at the polymer interface, lead to more
rapid migration similar to the known monomeric mutants (Fig-
ure 3F). Mutations made at the intramolecular SAM1-SAM2 inter-
face (Y498K, T502K, and G590K), however, do not appear to
affect gel mobility. Apparently the Caskin1 polymer structure
can accommodate these mutations because they do not lie on
the polymer interface and the tandem SAM domains are already
covalently linked together in the same molecule. Two mutations
to the 13-residue linker peptide (I534E and L538K) were also
examined. The L538Kmutant does not appear to affect polymer-
ization, but the I534E appears to affect gel mobility to an interme-
diate degree,migrating faster than thewild-typeprotein, butmore
slowly than thepolymer interfacemutantsG520E,G566K, Y567K,
or F572K. This indicates that the I534E mutation has a subtle but
significant effect on polymer stability.
Detection of the Caskin1 SAM Polymer in Living Cells
Although the experiments detailed above strongly support the
notion that the Caskin1 SAM domains polymerize in vitro, one
cannot be certain if polymerization is favorable in vivo. Moreover,
it is hard to know if the buffers used in vitro are representative of
actual physiological conditions. To determine if the Caskin1
SAM-SAM self-association can occur in living cells, fluores-
cence cross-correlation spectroscopy (FCCS) was employed
as has been done for other SAM-containing proteins (Slaughter
et al., 2008). For these experiments two mammalian expression
constructs were created in which the residues from the start of
the Caskin1 CID through the SAM domains were fused to
mCherry (mCherry-Caskin1wt) or cyan fluorescent protein
(CFP-Caskin1wt). CHO-K1 cells cotransfected with both plas-
mids show primarily cytosolic expression of both constructs
and occasionally pronounced nuclear staining patterns (Fig-
ure 4A). Single point FCCS measurements in the diffuse cyto-
plasmic region of cells coexpressing both wild-type fusion
proteins consistently show significant cross-correlation indi-
cating that the CFP andmCherry fusion proteins associate inside
the cell (fraction bound = 18 ± 6%) (Figure 4B). As a negative
control, the analogous mCherry- and CFP-Caskin1 fusion
protein expression plasmids containing monomeric G520E
mutations were also made (mCherry-Caskin1mut and CFP-Cas-
kin1mut). The mutant fusion proteins also expressed primarily to1830 Structure 19, 1826–1836, December 7, 2011 ª2011 Elsevier Ltdthe cytoplasm like the wild-type fusion proteins (not shown). As
expected the FCCSmeasurements of the mutant fusion proteins
consistently show no significant cross-correlation (Figure 4C).
Moreover, the diffusion constants obtained from the individual
wild-type autocorrelation plots were significantly slower than
both of the mutant fusion proteins (Figure 4D), indicating that
the wild-type fusions exist as higher molecular weight oligomers.
As expected, the diffusion constant measured from thewild-type
cross-correlation, which reflects only the oligomeric forms, was
even slower than the wild-type autocorrelation plots. The ratio of
diffusion constants seen for the monomeric mutants and the
wild-type oligomer (from the cross correlation plot) is 6. As
the diffusion constant is proportional to the radius of hydration,
the difference is consistent with the formation of a higher order
oligomer. The concentration of the fusion proteins in the CHO-
K1 cells was estimated to be in the low nanomolar range (1–
15 nM) (see Experimental Procedures for details), indicating
that the binding affinity in cells is much higher than wemeasured
using our arbitrarily chosen buffer conditions in vitro. Taken
together, the FCCS experiments indicate that the Caskin1
tandem SAM domains can self-associate in living cells.
Assembly of CASK on a Caskin1 Polymer
The results so far suggest that the tandem Caskin1 SAM
domains create a polymeric scaffolding architecture upon which
other proteins can assemble. As the CASK interaction domain
(CID) is adjacent to the tandem SAM domains of Caskin1, we
tested whether CASK could bind to the Caskin1 SAM polymer.
We first examined the effect of the adjacent CID on the tandem
SAM polymer. A Caskin1 construct was created, comprising
both the CID and the tandem SAMs (CID-2SAMs). The CID-
2SAMs construct showed the ability to self-associate indepen-
dent of CASK under low salt as assessed by a peak shift on
a gel filtration column, but the resulting polymers remained
soluble (Figure 5A). To confirm that this self-association was still
due to SAM-SAM association, a mixture of CID-2SAMs G520E
and G566K mutants were found to elute at a higher molecular
weight than either mutant alone (Figure 5B).
To investigate if CASK could bind to the CID-2SAMs polymer
we mixed the CaMK domain of CASK (CASK310), i.e., residues
1–310, with CID-2SAMs in high salt buffer and then dialyzed
into low salt buffer. Upon dialysis into low salt, the wild-type
CID-2SAMs/CASK310 complex was found to precipitate,
whereas the CASK310 complexes with the CID-2SAMs mutants
G520E andG566K remain in solution (Figure 5C). The absence of
precipitation from both mutant protein complexes suggests the
formation of an insoluble Caskin1-CASK polymer mediated by
the SAM-SAM polymer interface identified in the crystal struc-
ture. The CID-2SAMs/CASK310 polymer was visualized by elec-
tron microscopy (Figure 5D). We observed many worm-like
objects that resemble beads-on-a-string, suggesting that
CASK CaMK domains are decorating the Caskin1 SAM polymer.
DISCUSSION
The rapid response to incoming action potentials requires that
synaptic vesicles are docked and prepared for immediate
membrane fusion (Schoch and Gundelfinger, 2006). As a result,
the synapse structure is highly organized, involving hundreds ofAll rights reserved
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Figure 3. Biochemical Analysis of the
Polymer
(A) A close-up view of the polymer interface is
shown. Positively and negatively charged inter-
faces are colored in transparent blue and red
surfaces, respectively, whereas the rest of the
molecules are white. Select residues are shown in
stick representation and colored according to
atom type (C, white; N, blue; O, red).
(B) The electrostatic surface potential is shown for
a Caskin1 tandem SAM molecule from the P41
crystal structure with the His-tag removed (posi-
tive, blue; negative, red). A simple cartoonmodel is
also shown.
(C) Gel filtration of interface mutants G520E and
G566K reveal that they are monomeric (measured
23.6 kDa and 22.5 kDa using globular protein
standards; calculated 16.5 kDa) but form a dimer
when mixed because they both still have one
functional interface (measured 32.3 kDa; calcu-
lated 34.0 kDa).
(D) The binding affinity of the Caskin1 SAM poly-
mer interface was determined using surface plas-
mon resonance (Kd = 22 ± 1 mM). The G520E
mutant was coupled to the SPR chip and the
G566K mutant was in the mobile phase.
(E) Fusion proteins were made to a negative super-
charged variant of GFP (scGFP) and several Cas-
kin1 mutants. Fusion proteins migrate toward the
cathode on a native PAGE gel due to the charge on
the GFP, but proteins that maintain the ability to
polymerize migrate more slowly. Mutations to the
polymer interface (G520E, G566K, Y567K, and
F572K) run the fastest.
(F) The Caskin1 SAM domains are shown as
cartoon a model with selected amino acids shown
in stick representation to indicate the location of
each mutation investigated.
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Structure of Caskin1 Tandem SAM Domainsproteins that are thought to be important for learning and
memory (Sudhof, 2004). These proteins form fibrous networks
between synaptic vesicles that have been visible in early EM
studies of presynaptic active zones (Landis et al., 1988; Gotow
et al., 1991). Recent advances in cryo-electron microscopy
have enabled three-dimensional visualization of these extensive
networks of fibers that link vesicles to each other and directly to
the synaptic membrane (Siksou et al., 2007; Ferna´ndez-Busna-
diego et al., 2010). Much work needs to be done to determine
the composition and dynamics of these protein tethers, but the
Caskin1 SAM polymers presented here are reminiscent of these
protein tethers and may be one of the network components.
Indeed, Caskin1 is known to localize to presynaptic active zones
and bind to many presynaptic proteins,(Tabuchi et al., 2002;
Bala´zs et al., 2009; Weng et al., 2011) including the formation
of a stable tripartite complex with CASK, which in turn binds
the cytoplasmic tail of neurexin1 connecting Caskin1 to the
synaptic membrane (Tabuchi et al., 2002). Recently, a yeast-
two hybrid assay revealed that Caskin1 also interacts withStructure 19, 1826–18synaptotagmin (Bala´zs et al., 2009), the most abundant protein
in synaptic vesicles (Chapman, 2002). Thus Caskin1 could act
as a direct intermediary between the synaptic membrane and
synaptic vesicles although this has not been demonstrated. In
a speculative model illustrated in Figure 6, Caskin1 could
promote the segregation of a subset of synaptic vesicles sepa-
rate from Mint1 because CASK also forms a tripartite Mint1/
CASK/neurexin1 complex that competes with the Caskin1/
CASK/neurexin1 complex.
Although the function of Caskin1 is largely uncharacterized
further evidence suggests Caskin1 is a central presynaptic scaf-
folding molecule. In particular, recent experiments have shown
that Caskin1 competes with liprin for binding to LAR that is
important for LAR-dependent motor axon guidance in
Drosophila (Weng et al., 2011). Liprin has long been known to
play a key role in presynaptic scaffolding (see Spangler and
Hoogenraad [2007] for a review) and this competing interaction
suggests Caskin1 may also play a central role. Moreover, the
recent crystal structure solved of the liprin-a2/CASK complex36, December 7, 2011 ª2011 Elsevier Ltd All rights reserved 1831
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Figure 4. Caskin1 Self-Association in Living
Cells
(A) CHO-K1 cells cotransfected with mCherry-
Caskin1wt and CFP-Caskin1wt fusion proteins
both express to the cytoplasm.
(B) The cross-correlation profile derived from the
auto-correlation function (ACF) profiles of
mCherry-Caskin1wt and CFP-Caskin1wt fusion
proteins, indicate these species self-associate
(blue, ACF of CFP; red, ACF of mCherry; pink,
cross-correlation).
(C) The cross-correlation profile derived from the
ACF profiles of mCherry-Caskin1mut and CFP-
Caskin1mut indicate that these species do not
self-associate (colored as in B).
(D) A bar graph of the diffusion coefficients of the
individual and associated species (mean ± stan-
dard deviation).
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Structure of Caskin1 Tandem SAM Domainsshows that liprin-a2 binds the same site on CASK as Caskin1
and Mint1 (Wei et al., 2011). Specifically, it is now clear that Cas-
kin1, Mint1, and liprin-a2 all insert a key tryptophan side-chain
into the same binding pocket on CASK (Stafford et al., 2011).
Therefore, Caskin1 likely modulates the function of multiple
molecules that are known to be important for synapse function
including CASK, Mint1, liprin, and LAR. Caskin1 is known to
localize to other parts of neurons in addition to synapses that
suggests that its role might not be exclusively limited to presyn-
aptic scaffolding (Tabuchi et al., 2002).
The affinity of the Caskin1 SAM-SAM self-association
appears to be relatively modest (micromolar dissociation
constant) in vitro. The affinity in CHO cells seems to be higher
and the formation of scaffolding complexes is probably cooper-
ative with other protein-protein interactions reinforcing complex
formation. In particular, the tandem L27 domains of CASK
immediately adjacent to its CaMK domain, have been
proposed to form polymers through consecutive L27 tetramers
with SAP97 and Velis (Feng et al., 2004). Interactions with other
proteins as well as steric and geometric constraints imposed by
the rest of the Caskin1 protein may limit the size of the Caskin1
SAM polymer at presynaptic sites, however. The sensitivity of
Caskin1 polymerization to ionic strength resulting from the
remarkable charge complementarity of the interfaces is
intriguing as it is unlikely to occur at random. The sensitivity
of Caskin1 SAM polymers to ionic strength might make them
prone to disassembly during the rapid influx of calcium ions
at active zones, perhaps facilitating resetting of the synapse
organization after vesicle fusion. The calcium concentrations
might not reach high enough concentrations to affect polymer-
ization, however.
The remarkable protein mesh that organizes synapses is
clearly a complex network of scaffolding proteins upon scaf-
folding proteins, like the CASK/Caskin1 assembly examined
here. Our work provides molecular level insight into a part of
this complex picture.1832 Structure 19, 1826–1836, December 7, 2011 ª2011 Elsevier LtdEXPERIMENTAL PROCEDURES
Cloning and Mutagenesis
DNA for cloning Caskin1 (also called KIAA1306) constructs was obtained from
Kazusa DNA Research Institute (catalog number ORK04438). The C-terminally
His-tagged Caskin1 SAMs (residues 470–605) and CID-SAMs constructs (resi-
dues 375–605) were cloned into a modified pET-3a vector. The N-terminally
His-tagged Caskin1 construct (residues 470–615) was cloned into a pQE2
vector (QIAGEN). The template DNA containing the entire cDNA for CASK
(GenBank sequence AF032119) was a gift from Zenta Walther (Yale). CASK
(residues 1–310) was cloned into a pCDFDuet-1 vector (Novagen). Super-
charged GFP(30) was provided by the Liu Lab (Harvard) and cloned into
pBAD-HisA vector (Invitrogen) with the Caskin1 SAM domains C-terminal to
GFP. Mammalian expression constructs were created from pcDNA6V5/HisB
(Invitrogen). DNA for mCherry was kindly donated by Roger Tsien’s lab
(UCSD) and CFP cDNA was obtained from David Piston’s lab (Vanderbilt) via
Addgene. Caskin1 CID-SAMs (residues 375–605) were cloned C-terminal to
mCherry or CFP. All mutagenesis reactions were performed by QuickChange
(Agilent). All plasmids were verified by DNA sequencing (Genewiz).Protein Expression and Purification
All pET and pCDF-Duet plasmids were transformed into BL-21 (DE3) cells and
pQE plasmids were transformed intoM15 cells (QIAGEN). All proteins were ex-
pressed by IPTG for 3–4 hr at 37C. Cells were lysed by sonication in lysis
buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 1 mM TCEP or 5 mM b-mercap-
toethanol (BME), 0.5–1 mg/mL lysozyme, 0.1 mM PMSF, and DNase). The
C-terminal His-tag SAMs expressed in the soluble fraction and insoluble frac-
tion, the N-terminal His-tag SAMs expressed in the soluble fraction, and the
CID-SAMs were completely insoluble. The insoluble pellets were dissolved
in 20 mM Tris pH 7.5, 6 M Urea, 5 mM imidazole. Proteins were bound to
Ni-NTA Superflow and washed with either wash buffer (50 mM HEPES pH
7.5, 500 mM NaCl, 5 mM imidazole) or denaturing wash buffer (20 mM Tris
pH 7.5, 6M urea, 5mM imidazole). Proteins were then eluted with either elution
buffer (20 mM HEPES pH 7.5, 500 mMNaCl, 200 mM imidazole) or denaturing
elution buffer (20 mM Tris pH 7.5, 6 M urea, 200 mM imidazole). Insoluble
constructs were refolded by dialysis into refolding buffer (20 mM HEPES pH
7.5, 500 mM NaCl, 1 mM TCEP, 1 mM EDTA).
CASK310 and refolded Caskin1 SAMswere further purified over a phenylse-
pharose column (5 ml HiTrap Phenyl HP). Protein was eluted using a gradient
of high salt (20 mM Tris pH 7.5, 1 M ammonium sulfate) to low salt (20 mM Tris
pH 7.5). CASK and CID-SAMs were further purified using a 5 ml HisTrapAll rights reserved
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Figure 5. CASK Binds the Caskin1 Polymer
(A) Gel filtration of the Caskin1 CID-SAMs indi-
cates formation of larger aggregates under low salt
(blue) relative to high salt (red).
(B) Gel filtration of interface mutants G520E (blue)
and G566K (red) of the Caskin1 CID-SAMs
construct is consistent with SAM-SAM self-asso-
ciation as the mixing (purple) of the two constructs
leads to a peak shift.
(C) The wt Caskin1 CID-SAMs construct leads to
coprecipitation of the CaMK of CASK upon dialysis
from high salt to low salt buffer (S, soluble; p,
precipitate). The G520E and G566K mutants
prevent CASK coprecipitation indicating precipi-
tation is dependent on Caskin1 SAM self-associ-
ation.
(D) An electron micrograph of the Caskin1 CID-
SAMs and CASK1-310 precipitate in low salt. The
inset indicates an example of aworm-like structure
that is consistent with the Caskin1 SAM polymer
coated with CASK1-310. The ‘‘beads’’ are indi-
cated with black arrowheads.
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Structure of Caskin1 Tandem SAM Domainscolumn (GE Healthcare) using a gradient of low imidazole (20 mM HEPES pH
7.5, 300 mMNaCl, 10 mM imidazole) to high imidazole (20 mMHEPES pH 7.5,
300 mM NaCl, 300 mM imidazole).
N-terminal His-tag cleavage of the Caskin1 construct was performed in
phosphate buffer (20 mM phosphate buffered saline pH 7.2, 300 mM NaCl)
using DAPase (preactivated with cystamine) at 37C for 4 hr and 45 min fol-
lowed by a subtractive Ni-NTA column. Cleavage was verified by SDS-PAGE.
Polymer Solubility Analysis
A suspension of C-terminal His-tagged Caskin1 SAM precipitate in low salt
buffer (20 mM HEPES pH 7.5, 100 mM NaCl, 1 mM EDTA) was homogenized
by vigorous vortexing. 90 ml aliquots were added to 10 ml of various solutions of
NaCl, vortexed, equilibrated overnight at 4C, and centrifuged (4C, 13
krpm, 60 min). The concentration of the soluble protein in the supernatant
was measured by absorbance at 280 nm. The data was plotted in Microsoft
Excel and fit to a linear equation.
Electron Microscopy
Caskin1 SAM constructs were dialyzed from high salt (20 mM HEPES pH 7.5,
500 mM NaCl, 1 mM EDTA) into low salt buffer overnight at 4C. The precipi-
tate was applied to a carbon/formvar coated copper grid (Ted Pella, catalog
numbers 01754-F or 01814-F) made hydrophilic by glow discharge, negatively
stained with 1% uranyl acetate, and dried. Caskin1 CID-SAMs were mixed
with CASK310 in high salt buffer plus 2 mM DTT and dialyzed into low salt
buffer (Slide-A-Lyzer Dialysis Cassette G2, Thermo Scientific). Within 1–2 hr
the solution became cloudy and the diluted solution (1:10) was applied to an
EM grid and stained as before. All samples were analyzed using a CM120
transmission electron microscope (TEM) operating at 120 kV at 10,000–
25,0003 and a defocus value of 5–10 nm. Images were recorded using a TEITZ
F224HD CCD camera and processed using ImageJ (NIH).
Crystal Structure Determination
The C-terminally His-tagged Caskin1 SAMs was concentrated to4 mg/mL in
high salt buffer (20 mM HEPES pH 7.5, 500 mM NaCl, 1 mM EDTA) and crys-
tallized by hanging drop vapor diffusion by mixing 1:1 with 1.5 M ammoniumStructure 19, 1826–1836, December 7, 2011 ªsulfate, 75 mM Tris pH 8.9, 25% glycerol. Rod-
shaped crystals grew within 1–2 weeks at 20C.
Data was collected at a wavelength of 1.00 A˚ at
100 K from a single crystal at Advanced Light
Source (ALS, Lawrence Berkeley National Labora-
tory) and processed with Denzo/Scalepack (Otwi-
nowski and Minor, 1997). Molecular replacementwas performed with Phaser (McCoy et al., 2007) searching for two copies of
the SAM domain from human EphB4 (PDB code 2QKQ).
The N-terminal His-tagged Caskin1 SAMs were concentrated to 1–
3 mg/mL in high salt buffer and crystallized by hanging drop vapor diffusion
by mixing at a ratio of 1:1 or 1:2 with 100 mM Na/K phosphate pH 6.2, 1%–
10% PEG 2K. Diamond-shaped crystals grew within 5–14 days at 20C.
Crystals were cryoprotected using 30% glycerol. Data was collected at
a wavelength of 0.97918 A˚ at 100 K from a single crystal at Advanced Photon
Source (APS, Argonne National Laboratory) and processed with Denzo/Scale-
pack (Otwinowski andMinor, 1997). Molecular replacement was performed by
Phaser (McCoy et al., 2007) searching for four copies of the previously refined
Caskin1 structure.
Model building was performed in COOT (Emsley et al., 2010) and struc-
tures were refined with Refmac (Vagin et al., 2004) (withholding 5% of reflec-
tions throughout for Rfree calculation) yielding a final model. TLS parameters
for each protein chain were introduced toward the end of refinement. Surface
electrostatics calculations were performed using EZProt Elecpotn (Pettit
et al., 2007) that runs University of Houston Brownian Dynamics (Madura
et al., 1995) externally for all computations. Graphics were prepared in
PyMOL (Schro¨dinger, LLC). All data collection and refinement statistics are
reported in Table 1. Coordinates have been submitted to the PDB (3SEI
and 3SEN).
Gel Filtration Assays
Five hundred microliters of Caskin1 SAMmutants were applied to a Superdex
S75 10/300 GL gel filtration column in low salt buffer at a total concentration of
143 mM. The mixing experiment was performed using a solution of 71.5 mM of
eachmutant. Molecular weights were estimated by comparison to commercial
standards (GE Healthcare). Caskin1 wt CID-SAMs constructs (2 mg/mL) were
analyzed with a Superdex S200 10/300 GL gel filtration column injecting 500 ml
of purified protein in high or low salt buffers. The mutant binding assay of the
Caskin1 CID-SAMs G520E and 566K mutants was also performed using
a Superdex S200 column injecting 250 ml of 64 mM protein in low salt buffer.
The mixing experiment was performed by injecting a solution of 32 mM of
each mutant.2011 Elsevier Ltd All rights reserved 1833
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Figure 6. A Speculative Model for Caskin1 Scaffolding
The protein-protein interactions between CASK/neurexin1 should tether
Caskin1 to the presynaptic membrane and its interaction with synaptotagmin
should assist in docking synaptic vesicles. Interactions between other Caskin1
molecules through their SAM domains should enhance this recruitment of
synaptic vesicles.
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Structure of Caskin1 Tandem SAM DomainsCaskin1/CASK Coprecipitation
A total of 30.5 mM CASK1-310 was mixed with 37.9 mM Caskin1 CID-SAMs in
high salt buffer plus 2 mM DTT (1 mL) and dialyzed into low salt buffer at 4C
using the same type of dialysis cassette used for EM samples. After overnight
incubation protein coated the dialysis cassette. The soluble fraction was
removed and the cassette was rinsed using the low salt buffer. To give the
precipitated fraction, 1 ml of 8 M urea was used to rinse each cassette. Frac-
tions were analyzed by SDS-PAGE.
Surface Plasmon Resonance
Experiments were performed in a low salt buffer (20 mM HEPES pH 7.5,
100 mM NaCl, 1 mM EDTA) at 20C using a Biacore T100. The C-terminal
His-tagged Caskin1 SAM mutant G520E was immobilized on a Biacore CM5
chip by EDC/NHS. The G566K mutant was passed over the chip and equilib-
rium binding levels were measured. The binding data was fit to a 1:1 steady-
state model using Biacore T100 Evaluation software.
Supercharged GFP Native Gels
Supercharged GFP-Caskin1 constructs were transformed into ARI814 cells
(Schatz et al., 1996), grown in 25ml LB at 37Cuntil ODz0.8. Cells were trans-
ferred to 16C, induced with 0.2% arabinose, and expressed for 12 hr. Lysis
was carried out in 0.25 ml 20 mM Tris (pH 7.5), 1 M NaCl, 1 mM TCEP,
5 mM MgCl2, lysozyme (0.5 mg/mL), DnaseI (20 mg/mL), 0.5 mM PMSF, and
Complete Protease Inhibitor (Roche). Cells were lysed by freeze-thaw (33) fol-
lowed by sonication (10 s3 2) and centrifuged (13 krpm, 20 min). Soluble GFP
protein wasmeasured by fluorescence using aMolecular Devices Spectramax
M5 plate reader (excitation wavelength 488 nm) and concentrations were
normalized by diluting with lysis buffer. A total of 22.5 ml lysate was mixed1834 Structure 19, 1826–1836, December 7, 2011 ª2011 Elsevier Ltdwith 7.5 ml 4X RunBlue Native Sample Buffer (Expedeon) and loaded onto
a 20% RunBlue 12-well Native gel (Expedeon). Gels were run at 90 V in
40 mM Tricine, 60 mM Tris buffer for 20 hr at 4C and visualized on a Bio-
Rad Molecular Imager FX Pro-Plus (excitation wavelength 488 nm).
Cell Culture
CHO-K1 cells were grown in Ham’s F12K medium supplemented with 10% of
FBS at 37C and in 5% CO2. Freshly split cells were plated onto 35-mm glass
bottom dishes and transiently cotransfected using Lipofectamine 2000 (Invi-
trogen, Carlsbad, CA).
Confocal Microscopy
Experiments were performed on a Zeiss LSM710 META laser scanning micro-
scope, using a 603 water immersion objective 1.2 N.A. (Zeiss). CFP was
excited with the 458-nm emission line of an Argon laser. mCherry was excited
with the 561-nm emission line of a diode pump solid-state laser. mCherry and
CFP were detected simultaneously using the 465–520 nm and 600–655 nm
collection ranges, respectively. For each channel, the pinhole was set to 1
Airy unit. The potential cross talk, bleed-through, and FRET effects between
the two fluorophores were tested and found to be nonexistent. The average
laser power at the sample was always maintained at the mW level. The volume
of the 458-nm and 561nm laser point spread function (PSF) was calibrated by
measuring the autocorrelation curve for 20 nM fluorescein in 0.01 M NaOH,
which has a known diffusion coefficient of 400 mm2/s. The measured values
of u0 (that defines the PSF) varied in the range of 0.28 ± 0.04 mm.
Fluorescence Cross-Correlation Spectroscopy Experiment
FCCS data was collected at single point in the cytoplasm of a cell transfected
with both mCherry-Caskin1wt and CFP-Caskin1wt. In general, 50,000 data
points were collected for each experiment at an interval of 7.56 ms (sampling
frequency of 132,000s1). Calculation of the auto- and cross-correlation func-
tions was done using the SimFCS software developed at the Laboratory for
Fluorescence Dynamics (http://www.lfd.uci.edu). The autocorrelation function
(ACF) of each channel detected is calculated according to the following
expression:
GðtÞ= hdFðtÞdFðt  tÞihdFðtÞi2 ;
where
dFðtÞ=FðtÞ  hFðtÞi
and F(t) is the fluorescence intensity at time t and t is the time shift (Rigler and
Elson, 2001; Gratton et al., 2006). The fit of the ACF was done using the diffu-
sion model for one species and the illumination profile was assumed to be
Gaussian. The cross correlation function of the two channels is then calculated
according to the following expression:
GðtÞ1; 2 =
hdF1ðtÞdF2ðt + tÞi
hdF1ðtÞihdF2ðtÞi ;
where 1 and 2 are the two channel vectors. The fit of the cross correlation was
done also using the diffusion model for one species. The fraction of molecules
bound was then derived by taking the ratio of G(0)1,2/G(0)1 if G(0)1 < G(0)2 or,
G(0)1,2/G(0)2 if G(0)2 < G(0)1. The concentration of the fluorescent proteins
was estimated from G(0) given that G(0) = g/N, where g = 0.3536 for a one
photon three-dimensional gaussian and N is the number of particles. The
concentration is calculated by converting N to moles using Avagadro’s
number and dividing by the observation volume (1 femtoliter). Though no
significant auto-fluorescence was observed, this would lower the calculated
G(0) and slightly overestimate N.
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